Introduction
The serine/threonine kinase Akt/PKB was first identified as an oncogene and as a kinase with properties resembling both PKA and PKC (hence PKB) (1, 2) . There are three mammalian isoforms of this enzyme: Akt1 (PKBα), Akt2 (PKBβ), and Akt3 (PKBγ). Akt1 shares 81% and 83% amino acid identity with Akt2 and Akt3, respectively. Although the three isoforms show broad tissue distribution (3), Akt1 is the most ubiquitously expressed. Akt2 is expressed at a lower level than Akt1 except in insulin-responsive tissues where it predominates (4, 5) . Akt3 is expressed at the lowest level except in testes and brain (6, 7) . Preliminary analysis of the Akt1, Akt2, and Akt3 gene products suggest that the three isoforms have similar biochemical characteristics (8) and that phosphorylation of two sites is necessary for full activation of each isoform (9) . Translocation of Akt to the plasma membrane through its pleckstrin homology domain is likely required for its activity (10) , and constitutive targeting of Akt to the plasma membrane is sufficient to promote its activation (11, 12) . Both the upstream activating kinases and the recruitment of Akt to the plasma membrane are dependent upon the products of PI3K (13) . Some evidence suggests, however, that Akt isoforms are differentially activated in different insulin-responsive tissues following insulin stimulation (14) . In particular, Akt2 is more abundant and more highly activated than Akt1 in adipocytes (14) .
Akt is activated in response to many different growth factors, including insulin and IGF-1 (9) . Akt is important for mediating the effects of these growth factors on the control of mammalian cell cycle progression and cell survival, as well as on the regulation of processes that influence growth, including protein synthesis and glucose metabolism. Akt regulates cell size in species as divergent as Drosophila (15) and mice (16, 17) , indicating that its growth regulatory function is broadly conserved. Both the expression and translocation of glucose transporters in insulin-responsive cells (18, 19) , as well as the activation of glycogen synthesis Severe diabetes, age-dependent loss of adipose tissue, and mild growth deficiency in mice lacking Akt2/PKBβ via inhibition of glycogen synthase kinase-3 (20, 21) , are regulated by Akt. Thus, Akt plays a key role in the coordinated regulation of growth and metabolism by the insulin/IGF-signaling pathway. This close coordination reflects the well-conserved role of this pathway in modulating growth in response to environmental changes in nutrient availability (22) .
Targeted disruption of individual Akt genes is being used to dissect the functions of Akt isoforms. Recently, analysis of mice lacking the genes encoding either Akt1 or Akt2 has suggested nonredundant functions for the two genes. Both Akt1-null and Akt2-null mice are viable, but Akt1-deficient mice exhibit a growth deficiency and normal glucose metabolism (23, 24) , whereas Akt2-deficient mice exhibit insulin resistance and mild diabetes with no apparent difference in size (25) . The viability and relative subtlety of these phenotypes suggest, however, that for many functions the three Akt isoforms are able to compensate for each other.
The data presented here on another line of Akt2-deficient mice confirm the major role of Akt2 in the regulation of glucose metabolism. The severe lipoatrophy or decrease in adipose tissue (26) in these Akt2-deficient mice, however, suggests an additional critical function for Akt2 in the development or maintenance of proper adipose tissue mass. Lipoatrophy is associated with severe insulin resistance and diabetes (26) and might contribute to the observed diabetic phenotype of these mice. Furthermore, unlike the previously described Akt2-null mice (25) , a compensatory increase in pancreatic islet mass and number is not observed, and a large percentage of male Akt2-null mice progress to a severe form of diabetes that includes β cell failure by 5-8 months of age. In addition, in contrast to a previous report (25) , the Akt2-null mice described here exhibit a mild growth deficiency that persists throughout life. These data suggest that both Akt1 and Akt2 participate in the regulation of normal growth.
Methods

Construction of Akt2 targeting vector and Akt2 -/-animal generation.
Mouse genomic clones containing the Akt2 locus were isolated from a DBA/1lacJ genomic λ-phage library (Stratagene, La Jolla, California, USA) using a murine Akt2 partial cDNA fragment as a probe. A 6.3-kb 5′ fragment and a 2-kb 3′ fragment were cloned into pJNS2, a plasmid containing PGK-neo and PGK-TK cassettes. The Akt2 targeting vector was designed to replace 3.4-kb of the genomic locus with the PGKneo cassette. Three exons corresponding to bp 788-1047 of the murine cDNA (U22445) are located within this 3.4-kb knockout region. DBA/1lacJ ES cells were grown and transfected using protocols described previously (27) . ES cell clones having undergone homologous recombination with the targeting vector were identified using a 1.0-kb BamHI/XbaI 3′ probe located external to the targeting vector. Targeted ES cells were microinjected into C57BL/6 blastocysts using established techniques (28) . Male chimeras were backcrossed to DBA/1lacJ females, and germline offspring were genotyped for the presence of a targeted Akt2 allele by PCR using genomic DNA isolated from tail biopsies. This method of germline transmission does not compromise the genetic background of the inbred strain (27) . Brown coat color was used to identify germline offspring that are 100% DBA/1lacJ inbred genetic background. Akt2 +/-animals were intercrossed, and offspring were genotyped using a tworeaction PCR method. One reaction amplifies a 190-bp fragment from a targeted allele using primers neo-833F (5′ GCAGGATCTCCTGTCATCTCACC 3′) and neo-1023R (5′ GATGCTCTTCGTCCAGATCATCC 3′). The second reaction amplifies a 359-bp fragment from an endogenous allele using primers Akt2KO-178F (5′ GAGGTAGAAACAAGAGAATCATGG 3′) and Akt2KO-537R (5′ GTTCGCACTGCTGTATGTTGC 3′), contained within the 3.4-kb knockout region. Notably, there are no reports of diabetes or obesity linked to the DBA/1lacJ strain, whereas the DBA/2 and related C57BL/KsJ strains (29) exhibit a genetic predisposition to β cell failure that is evident when the ob or db mutations are crossed onto these backgrounds (30, 31) . The genetic differences between the DBA/2 and DBA/1 strains, however, are large enough that they should be regarded as different strains rather than substrains of the same strain (32). Thus the lace of a significant genetic relationship between the two DBA strains suggests that the phenotype observed in the DBA/1lacJ Akt2-null mice described here is unrelated to that observed in the DBA/2 strain.
Protein analysis. Whole Akt +/+ and Akt -/-brains were homogenized in 10 vol homogenization buffer (50 mM Tris, pH 8.0, 10 mM β-glycerophosphate, 5 mM EGTA, 50 mM NaCl, 10 mM DTT, 1 µM microcystin, 1 mM NaVO 4 , 1 mM benzamidine, 1× Calbiochem protease inhibitor cocktail). The tissues were disrupted using a polytron, and cell debris was cleared by centrifugation at 17,000 g (10 minutes at 4°C). Supernatants were recovered and protein concentration was determined by Bradford assay. Twenty-five micrograms of protein extract was analyzed by SDS-PAGE using a 4-12% NuPage gel in 1× Mops SDS running buffer (NP0050; Invitrogen Corp., San Diego, California, USA). Western blot analysis was performed according to manufacturer's instructions using anti-Akt1 (no. 06-558) and antiAkt2 (no. 06-606) Ab's from Upstate Biotechnology Inc. (Lake Placid, New York, USA).
Oral glucose-tolerance test and glucose measurements. Male and female wild-type and Akt2-null mice at 7 weeks of age were fasted overnight. A blood sample was collected from the retro-orbital sinus with a micropipette (0.025 ml) immediately before administration of a glucose load (1 g glucose per kilogram of body weight) by oral gavage using a syringe equipped with a murine oral-feeding needle (20 gauge; Popper & Sons Inc., New Hyde Park, New York, USA). Blood samples were taken at 30, 60, and 120 minutes following glucose administration. Blood was immediately diluted into 100 µl of 0.025% heparin in normal saline on ice. Red cells were pelleted by centrifugation at top speed in a Beckman Microfuge 12 for 2 minutes. Glucose was determined in the supernatants using the Roche/Hitachi 912 clinical chemistry analyzer (Roche Diagnostics Corp, Indianapolis, Indiana, USA).
Plasma insulin measurements. Insulin was measured in whole plasma or in samples prepared for glucose measurements (described above) by radioimmunoassay using the rat insulin RIA kit (RI-13K) or the sensitive rat insulin RIA kit (SRI-13K; Linco Research Inc., St. Charles, Missouri, USA).
Morphometric analysis of the pancreatic islets and adipose tissue. Pancreatic tissues and epididymal fat pads were fixed in formalin and embedded in paraffin, and sections were stained by hematoxylin and eosin. For pancreatic islets in each animal, the area of the whole section of pancreas and of 12 randomly selected islets in that section were measured using Image-Pro Plus image analysis software. The total numbers of islets per section were manually counted. The percentage of the surface area occupied by the islets compared with the total area of the pancreas section was calculated using the following formula: mean islet area × total number of islets × 100/total area of the section. The mean number of islets per section of pancreas was calculated using the following formula: number of islets × 10 6 per total area of the section. Data were analyzed using a three-factor ANOVA. The main categories were treatment group (control versus knockout), sex, and week of sacrifice (7 or 24 weeks). The model included the three two-way and the three-way interaction terms. Because the 24-week-old male islet area data had an appreciably smaller SD than all other factor combinations, the analysis was repeated using the log transformation. For adipose tissue, morphometric analysis was performed using Image-Pro analysis software. The number of adipocytes was determined in six randomly selected areas from the epididymal fat pads from 9-week-old (n = 3 control; n = 6 Akt2 null) and 11.7-weekold (n = 5 control; n = 5 Akt2 null) male mice.
Insulin and caspase-3 immunohistochemistry. Formalinfixed paraffin-embedded sections of pancreas were deparaffinized, rehydrated, and incubated with 3% hydrogen peroxide for 10 minutes in order to quench endogenous peroxidase activity. The sections were blocked with DAKO protein block (X0909; DAKO Corp., Carpinteria, California, USA) for 20 minutes. Each of the steps following the application of the primary Ab were preceded by a rinse in BioGenex wash buffer (HK583-5K; BioGenex Laboratories, San Ramon, California, USA). For insulin staining, the sections were then incubated with a guinea pig anti-insulin IgG (A0564; DAKO Corp.) diluted 1:1,000 for 1 hour at room temperature. For caspase-3 staining, the sections were incubated with a rabbit IgG (Cell Signalling Technology, Beverly, Massachusetts, USA) anti-cleaved caspase-3 (Asp175 clone) diluted 1:150 for 1 hour at room temperature. The anti-insulin primary Ab was followed by a 45-minute incubation with a biotin-labeled goat anti-guinea pig IgG diluted at 1:150 (BA-7000; Vector Laboratories, Burlingame, California, USA). The anticaspase-3 primary Ab was followed by a 45-minute incubation with a biotin-labeled goat anti-rabbit IgG diluted at 1:150 (Vector Laboratories). Finally, the sections were incubated with the Elite ABC Kit (PK-6100; Vector Laboratories) for 30 minutes, stained with a DAKO liquid 3,3-diaminobenzidine (K3468; DAKO Corp.) for 5 minutes according to the manufacturer's instructions, and counterstained with hematoxylin.
Micro-computed tomography scanning. Images were obtained using a commercially available micro-computed tomography (micro-CT) system (MicroCAT; ImTek Inc., Knoxville, Tennessee, USA) with a high-resolution charge coupled device/phosphor screen detector. The scanner consisted of a cylindrical-diameter/ long-field view of 50 mm by 50 mm with a spatial resolution of less than 50 µm. The x-ray source was biased at 40 keV with the anode current set to 400 µA. Anesthetized mice were placed on a radio-transparent mouse bed in a supine position, caudal end closest to the micro-CT with the rostral end held in place against an anesthesia delivery tube. The hind legs were moderately extended and held in place with clear tape to ensure that a correct anatomical position was achieved (i.e., straight spine) and that the mouse position did not change once the scan procedure was initiated. An initial radiographic image was acquired at 90 degrees to the plane of the mouse bed to allow correct positioning of the mouse by centering the scan acquisition area at the level of the iliac crest of each mouse.
Image reconstruction and analysis. Image reconstruction, whereby a micro-CT scan of an individual mouse was manipulated to produce two-dimensional cross-sectional images, was performed using reconstruction/ visualization software of the MicroCAT instrument (ImTek Inc.). Two sets of reconstructed images per scan were generated for each mouse for the determination of individual fat depot mass. User-defined placement of reconstruction slices was relative to defined anatomical sites (i.e., vertebral segments) (33) . The first set of reconstructed images, consisting of six slices (intervertebral segments lumbar 6 and 7 through sacral 4 to caudal 1), provided a montage for the analysis of inguinal and epididymal adipose tissue depots. The second reconstruction set, consisting of nine slices (intervertebral and midvertebral landmarks from lumbar 2 and 3 through lumbar 6 and 7) was used to define retroperitoneal and mesenteric adipose tissue depot masses. Reconstructed bitmap images were converted to tagged image file format images and subsequently analyzed for fat depot mass using Scion Image for Windows (Scion Corp., Frederick, Maryland, USA).
Liver glucose 6-phosphatase and phosphoenolpyruvate carboxykinase gene expression. Total RNA was purified from liver using the RNeasy Mini Kit (QIAGEN Inc., Valencia, California, USA) and treated with DNase according to the manufacturer's instructions. The cDNA was prepared from total RNA using Superscript II reverse transcriptase (Invitrogen Corp., Carlsbad, California, USA). Control reactions were run in the absence of reverse transcriptase (minus RT). Expression of liver glucose 6-phosphatase (G6Pase) and phosphoenolpyruvate carboxykinase (PEPCK) genes was quantitated by real-time quantitative PCR (TaqMan; Applied Biosystems Inc., Foster City, California, USA) and normalized to 18S rRNA. Minus RT reactions were also amplified in order to confirm that product was not contributed by contaminating genomic DNA. TaqMan PCR was performed by adding 25 µl 2× PCR Master Mix (Applied Biosystems Inc.), 5 µl of 2.5 µM probe (see below), 0.5 µl each of 30 µM forward and reverse primers (see below), and 14 µl water to each well of a 96-well plate containing 1 ng of cDNA in a 5-µl volume (final volume 50 µl). Amplification was performed on a 7700 Sequence Detection System (Applied Biosystems Inc.) according to a preset protocol: 50°C for 2 minutes, 95°C for 10 minutes, followed by 40 cycles of 95°C for 15 seconds and 60°C for 1 minute. Data were analyzed using the 2 -∆∆Ct method (34) that had been previously validated to demonstrate equivalent amplification efficiencies of the target genes G6P and PEPCK and the reference gene 18S rRNA (data not shown). Probes were custom made by Applied Biosystems Inc.: G6P, 6FAM-AGTCCCTCTGGCCATGCCATGG-TAMRA; PEPCK, 6FAM-AGGGCAAGATCATCATGCACGACCC-TAMRA. The primers were made by Invitrogen Corp.: G6P forward, CACCTGTGAGACCGGACCA; G6P reverse, GACCATAACATAGTATACAC-CTGCTGC; PEPCK forward, GACCATAACATAGTATACACCTGCTGC; PEPCK reverse, AGAAGGGTCGCATGGCAA. An 18S rRNA probe and primer kit was obtained from Applied Biosystems Inc.
Liver glycogen synthase activity. Liver samples were homogenized in 10 vol glycogen synthase (GS) homogenization buffer (HB; 10 mM TRIS-HCl, pH 7.4, 150 mM KF, 15 mM EDTA, 0.6 M sucrose, 1 mM PMSF, 1 mM benzamidine, 25 µg/ml leupeptin, and 50 mM β-mercaptoethanol) for 30 seconds on ice. Protein concentration of homogenates was determined using Bradford Reagent (Bio-Rad, Hercules, California, USA) and IgG as standards. GS activity was measured according to the low/high G6P method (35) . A total reaction volume of 90 µl contains 100 µM UDP-[U-14 C]-glucose (∼4.5 µCi/µmol), 50 mM Tris-HCl, pH 7.8, 25 mM KF, 12.5 mM EDTA, 7 mg/ml rabbit liver glycogen. In addition, G6P is used at 10 mM to measure total synthase activity (GS d + GS i , where GS d is the G6P-dependent and GS i is the G6P-independent synthase activity) and at 0.1 mM to measure the GS i activity. One hundred fifty micrograms of liver homogenate protein is included in a 10-minute incubation at 30°C. Reactions are stopped by spotting 65 µl onto 1.5 cm 2 pieces of Whatman 31 ETCHR (Whatman International Ltd., Maidstone, United Kingdom) chromatography paper, which is dropped into 300 ml ice-cold 50% ethanol and washed for 5 minutes on a rotator. A second wash is done for 1 hour in 700 ml ice-cold 50% ethanol followed by 1 minute in 100 ml acetone. The squares are dried for 10 minutes in a 60°C oven, placed in scintillation fluid (Ready Safe; Beckman Coulter Inc., Fullerton, California, USA), and counted for 14 C-glucose incorporation into glycogen on a liquid scintillation counter (LKB Wallac 1219; PerkinElmer Wallac, Gaithersburg, Maryland, USA). The GS i disintegrations per minute are divided by the (GS d + GS i ) activity and expressed as the GS activity ratio.
Isolated muscle glucose-uptake assay. Soleus muscles were isolated from fed, male Akt2-null or control mice, and glucose uptake in the absence or presence of insulin at the indicated concentrations were determined as described previously (36) .
Results
Targeted disruption of the Akt2 gene. Disruption of the Akt2 gene was accomplished by homologous recombination and consisted of the replacement of 260 bp of the catalytic domain (corresponding to bp 788-1047 of the murine cDNA; U22445) with the neomycin gene (Figure 1a) . Southern blot analysis of genomic DNA isolated from DBA/1lacJ ES cells confirmed the correct recombination (Figure 1b) , and PCR genotyping analysis of F 2 -generation mice confirmed the generation of Akt2-null mice (Figure 1c) . Western blot analysis of protein lysates derived from brains isolated from Akt2 +/+ and Akt2 -/-mice shows no detectable level of Akt2 protein in Akt2 -/-mice (Figure 1d) . Thus, the targeted disruption resulted in a functionally null allele.
Phenotype of Akt2 KO mice. The Akt2 -/-mice (genetic background: DBA/1lacJ) are viable, and examination of 49 pups (ten litters) from matings between two Akt2 heterozygous mice showed a Mendelian ratio among Akt2 +/+ (wild-type), Akt2 +/-(heterozygous), and Akt2 -/-(homozygous) mice. In contrast to a previous report, both male and female Akt2-null mice exhibited a mild growth deficiency. At birth, Akt2-null mice were 8% smaller than control mice (1.37 ± 0.03 g versus 1.48 ± 0.03 g, respectively; P < 0.05). This decrease in body weight persisted throughout life, averaging 13% and 16% for male and female Akt2-null mice, respectively, over 6 months (P < 0.01 for both from 5 to 24 weeks of age; n = 9-13 per group). Akt2-null mice also exhibit a modest but significant (P < 0.01) decrease in length as compared with control mice, with a difference averaging 5% evident from 6 to 11 weeks of age.
Comparison of body and selected organ weights of 7-week-old Akt2-null and wild-type mice revealed several interesting differences (Table 1) . While body weight was reduced by 16% in both males and females, the relative weight of brain and liver were increased by approximately 10% in Akt2-deficient mice of both sexes (Table 1 ). In contrast, the relative amount of brown adipose tissue was reduced significantly in both males (13%) and females (20%), whereas white adipose tissue, as assessed by weight of the gonadal fat pad, was reduced by more than 50% in females, but not significantly in males (Table 1) .
To further explore the observed differences in fatpad weights, micro-CT scanning was used to assess the size of multiple adipose depots. Akt2-null animals (22 weeks of age) were found to exhibit significant lipoatrophy, with all adipose depots in both males and females being dramatically reduced in size (Figure 2 and Figure 3) . The reduction in size of the fat depots in females was 80-90% ( Figure 2 , c and d, and Figure  3a) . In 22-week-old males, which had normal fat pad mass at 7 weeks (Table 1) , a reduction of 65-75% in the inguinal-subcutaneous and epididymal depots was observed, and the retroperitoneal and mesenteric depots were almost completely absent (Figure 2 , a and b, and Figure 3b ). The more significant reduction in size of the gonadal fat pads in both males and females at 22 weeks (Figure 3 ) relative to 7 weeks (Table 1) suggests that loss of adipose tissue is progressive with age. Consistent with this, the weight of the epididymal fat pad was found to be similar in male control and Akt2-null mice at 9 weeks of age (0.21 ± 0.04 versus 0.18 ± 0.02 g, control and Akt2-null mice, respectively; P > 0.05) but was reduced 24% in Akt2-null mice at 12 weeks of age (0.21 ± 0.11 versus 0.158 ± 0.017, control and Akt2-null mice, respectively; P < 0.05). Morphometric analysis of adipose tissue from Akt2-null and control mice indicated that adipocyte size was not significantly different at either 9 or 12 weeks (9 week: 9.8 ± 1.9 versus 11.0 ± 3.9 adipocytes per unit area; 12 week: 9.0 ± 1.7 versus 11.1 ± 3.4 adipocytes per unit area, control versus Akt2-null, respectively). This indicates that the decrease in adipose mass is due to a decrease in cell number. As observed in other lipoatrophic syndromes, plasma triglycerides were elevated 60% in male Akt2-null mice (248 ± 21 mg/dl versus 154 ± 24 mg/dl, Akt2-null and control, respectively; P < 0.05). The decrease in adipose tissue was also reflected in a decrease of 30% in plasma leptin concentration in male Akt2-null mice (2.5 ± 0.1 versus 3.5 ± 0.5 ng/ml for Akt2-null and wild-type, respectively; P < 0.05) and a trend toward lower leptin concentration in females (2.3 ± 0.1 versus 3.1 ± 0.4 ng/ml, Akt2-null and wild-type, respectively; P = 0.09).
Both male and female Akt2-null mice exhibited fasting hyperglycemia and glucose intolerance (Figure 4) . Fed hyperglycemia was observed in 5-week-old male Akt2-null mice (220 mg/dl versus 170 mg/dl for Akt2 null and wild-type, respectively; P < 0.001) and became more severe with age ( Figure 5a ). Female mice exhibited a milder fed hyperglycemia that did not become significantly elevated until 10 weeks of age (Figure 5a and remained stable until 1 year of age (182 mg/dl versus 160 mg/dl; P = 0.024). Plasma insulin levels, however, were elevated in both males and females at all ages ( Figure 5b ). In 5-week-old male and female Akt2-null mice, plasma insulin was elevated 2.6-and 3.6-fold, respectively (males, 4.5 versus 1.7 ng/ml, and females, 5.8 versus 1.6 ng/ml, Akt2-null and control, respectively). While insulin levels in female Akt2-null mice remained stable for the duration of the 6-monthlong study (Figure 5b ), average insulin levels in male Akt2-null mice increased further with age, suggestive of deteriorating insulin sensitivity. Furthermore, insulin levels in Akt2-null males were more heterogeneous than in females, due in part to mice exhibiting two distinct patterns of insulinemia and glycemia over the 6-month-period of observation. Three mice (25%) from this group exhibited a transient hyperinsulinemia that peaked at 8 weeks of age, followed by a decline in plasma insulin to undetectable levels by 15-18 weeks of age, suggestive of β cell failure (Figure 6a ). This was accompanied by progression to extreme hyperglycemia (Figure 6a) , with blood glucose values greater than 500 mg/dl evident by 12 weeks of age. The remaining mice exhibited a more stable and milder, albeit significant, hyperglycemia in the face of steadily increasing plasma insulin levels (Figure 6b ), consistent with deteriorating insulin sensitivity. Notably, in three separate cohorts of male Akt2-null mice, a high percentage exhibited hypoinsulinemia with accompanying extreme hyperglycemia: 100% (n = 6) of 8-month-old mice (Figure 7 ), 80% (n = 5) of 20-week-old mice, and 92% (n = 25) of 7-to 8-month-old mice (data not shown). Thus, 75% of 48 male Akt2-null mice progressed to this extreme diabetic phenotype between 5 and 8 months of age. The two groups of mice depicted in Figure 6 may reflect temporal differences in the progression of the phenotype in the population or, conversely, different susceptibilities to development of more extreme diabetes, possibly due to differences in prenatal or perinatal nutrition (37, 38) . To determine whether impaired glucose disposal into skeletal muscle contributed to the hyperglycemia and insulin resistance of Akt2-null mice, glucose uptake into isolated soleus muscles was examined (Figure 8) . No difference was observed in basal glucose uptake into muscles from control and Akt2-null mice. Submaximal (1 nM) insulin, however, failed to increase glucose uptake above basal level, and uptake in response to maximal (100 nM) insulin was reduced in muscles from Akt2-null mice (Figure 8) . Thus, the lack of Akt2 in skeletal muscle decreased both the insulin sensitivity and responsiveness of glucose transport.
Regulation of enzymes involved in glucose production and storage in liver was also abnormal in Akt2-null mice. Expression of PEPCK, the rate-limiting enzyme of gluconeogenesis, was elevated prior to β cell failure in livers of diabetic, 7-week-old, fed Akt2-null mice 1.9-fold relative to control (P < 0.05; Table 2 ). At 24 weeks of age, the level of PEPCK expression was consistent with the prevailing glycemia, being elevated 4.1-fold (P < 0.01) in the subset of hypoinsulinemic, hyperglycemic (Figure 6a ( Figure 6b ) Akt2-null mice that exhibited only mild hyperglycemia ( Table 2 ). The G6Pase gene expression was not elevated in Akt2-null mice either at 7 or 24 weeks of age, except in the subset of hypoinsulinemic Akt2-null mice, in which the level of G6Pase mRNA was elevated 2.2-fold (P < 0.05; Table 2 ). The proportion of liver GS in the active state did not differ between fed control and Akt2-null mice at 21 weeks of age (activity ratio, 0.055 ± 0.009 versus 0.070 ± 0.011, control and Akt2 null, respectively, P = 0.312). Total GS activity measured in the presence of high (10 mM) glucose-6-phosphate was reduced 46% in severely diabetic Akt2-null mice (P < 0.05), however, suggesting that the absolute amount of active GS was decreased. Nine-week-old Akt2-null mice that were still hyperinsulinemic, did not exhibit this decrease in total liver GS activity. Pancreas morphometry and insulin immunohistochemistry. At 7 and 24 weeks of age, no significant difference in either the number or size of pancreatic islets was observed in either male or female hyperinsulinemic Akt2-null mice relative to control mice (data not shown). Pancreata from the hypoinsulinemic/hyperglycemic male Akt2-null mice (Figure 6a and Figure 7) , however, were characterized by a variable (10-59%) decrease in the total number of islets as compared with their wild-type controls (data not shown). The vast majority of the remaining islets in this cohort of mice were distorted and contained only a few β cells scattered within the exocrine pancreas (Figure 9c ). The percentage of islets containing apoptotic cells, as indicated by caspase-3 staining, was increased in pancreata from 24-week-old, hypoinsulinemic, male Akt2-null mice (37% of the remaining islets or islet remnants from hypoinsulinemic Akt2-null mice contained one or more apoptotic cells versus less than 2% of islets from control or hyperinsulinemic Akt2-null mice).
Occasionally, inflammatory and necrotic cells or mitotic figures were observed within those remaining islets. Islets from wild-type mice had abundant intracytoplasmic insulin staining in β cells (Figure 9a ). Insulin staining was diffuse and uniform, except for cells at the periphery of the islets, which stained positive for glucagon (data not shown). A decrease, predominantly in males, in the intensity of staining for insulin in the cytoplasm of β cells was observed in islets from Akt2-null mice (Figure 9b ). The remaining β cells contained variable amounts of intracytoplasmic insulin interspersed with areas lacking immunohistochemical staining. The decreased staining for insulin in the Akt2 -/-mice was already evident at 7 weeks but did not progress in incidence or severity by 24 weeks of age. The islets from the hypoinsulinemic/hyperglycemic males (Figure 6a and Figure 7 ) were characterized by loss of normal islet architecture and severe loss of insulin staining with only occasional, weak, intracytoplasmic staining of a few remaining cells, consistent with the very low levels of plasma insulin in these animals (Figure 9c 
Figure 3
Adipose tissue mass is decreased in Akt2-null mice. Adipose tissue mass of wild-type and Akt2-null mice was determined by micro-CT scanning in four regional depots, the inguinal subcutaneous (Ing), epididymal/gonadal (Epi/Gon), retroperitoneal (RP), and mesenteric (Mes) regions. Adipose tissue mass was significantly (P < 0.05) reduced in both female (a) and male (b) Akt2-null mice. In female Akt2-null mice adipose depot mass was reduced 80-90% in all depots measured. In male Akt2-null mice adipose depot mass was reduced 65-75% in the inguinal and epididymal depots, and more than 95% in the retroperitoneal and mesenteric depots.
Figure 4
Seven-week-old Akt2-null mice exhibit fasting hyperglycemia and glucose intolerance in an oral glucose-tolerance test. Blood samples were taken from overnight-fasted Akt2-null (open symbols) and wild-type (filled symbols) mice at time zero. Mice were immediately given an oral dose of glucose (1 g/kg), and blood was sampled at the indicated times. Plasma glucose levels were significantly elevated in both male and female Akt2-null mice (open circles and diamonds, respectively) relative to wild-type male and female mice (filled circles and diamonds, respectively) at time zero and 30 minutes following the glucose load.
receptor or IRS-2-deficient mice (10%; refs. 39, 40). Interestingly, Akt2-deficient mice described in a recent report (25) were diabetic but did not exhibit a growth deficiency. The likely explanation for the difference between the growth phenotype of those mice and the Akt2-null mice described here may lie in the genetic background of the different knockout lines. In fact, genetic background has been observed to have significant modifying effects on the phenotypes of a number of targeted deletions of genes in the insulin pathway (41-43). The previously described Akt2-null mice (25) were on a mixed 129/C57BL/6 genetic background, whereas the mice described here are on an inbred DBA/1lacJ background. Consistent with the previous report, the growth deficiency due to lack of Akt2 is not observed on a hybrid DBA/1lacJ/C57BL/6 background (44). This suggests that the decreased size of Akt2-null mice described here is not due to metabolic abnormalities per se, but that the role of Akt2 in growth regulation is more obvious in the presence of modifying genes contributed by the DBA/1LacJ background. A role for Akt2 in growth regulation is further supported by the phenotype of Akt1/Akt2 doubleknockout mice, which are much smaller than mice deficient in only Akt1 or Akt2 ( 
Discussion
The data reported here demonstrate that Akt2 regulates both growth and glucose metabolism. Akt2-null mice exhibited mild growth deficiency, age-dependent loss of adipose tissue, glucose intolerance, insulin resistance as evidenced by elevated plasma insulin levels, dyslipidemia, and hyperglycemia, which progressively worsened in a substantial portion of males to a severe form of diabetes that was accompanied by β cell failure and loss. This complex phenotype implicates Akt2 as a key intermediate in signaling from both insulin and IGF-1 receptors and, furthermore, suggests specific roles for Akt2 in maintenance of adipose tissue and β cell mass. Similar to Akt1-null mice (23, 24) , Akt2-null mice were born smaller and exhibited a 13-15% decrease in body weight relative to their wild-type counterparts at all ages. The body length of Akt2-null mice was also modestly but significantly decreased. Collectively, these findings suggest that the loss of Akt2 confers a growth deficiency that is due in part to a decrease in body size as well as a decrease in body weight. The moderate growth deficiency in Akt2-null mice described here is similar in magnitude to that observed in insulin Figure 5 Hyperglycemia and hyperinsulinemia in male and female Akt2-null mice. Plasma glucose (a) and insulin (b) levels were determined every 14 days in male wild-type (filled circles, n = 11), male Akt2-null (open circles, n = 12), female wild-type (filled diamonds, n = 9), and female Akt2-null (open diamonds, n = 13) mice.
Figure 6
Diabetic phenotype of male Akt2-null mice. (a) Plasma glucose (filled symbols) and insulin (open symbols) levels in three male Akt2-null mice from Figure 5 exhibiting β cell failure (see Figure 9 ). (b) The remaining nine male Akt2-null mice were mildly hyperglycemic (filled diamonds) while becoming increasingly hyperinsulinemic (open squares), or insulin resistant, with age.
Akt2-null mice (Table 1) suggests that other Akt isoforms can compensate or might play more significant roles in growth regulation of these tissues.
Akt2-null mice exhibited progressive lipoatrophy with a decrease in adipose tissue mass observed in all depots (Figures 2 and 3 ). Morphometric analysis of epididymal fat pads revealed that the decrease in adipose tissue mass was not due to a decrease in adipocyte size, indicating that it was due to decreased adipocyte number. The loss of adipose tissue cannot completely account for the observed decrease in body weight in Akt2-null mice, since 7-week-old male Akt2-null mice weighed 16% less than wild-type mice despite adipose tissue mass that was proportionally normal ( Table 1) . The lipoatrophy is unlikely to be due to wasting associated with a type 1 diabetes-like insulinopenia because it was evident in male Akt2-null mice prior to β cell failure as well as in females with elevated but stable glycemia and insulinemia. The food intake of Akt2-null mice was also not significantly different from control mice (data not shown). These data suggest that the loss of adipose tissue is directly related to the lack of Akt2 activity. The fact that Akt has been implicated in control of both adipocyte differentiation and apoptosis, either of which could contribute to the progressive decrease in adipocyte number, lends support to this hypothesis. Constitutively active Akt will induce spontaneous adipocyte differentiation (45) , and inhibition of Akt activity induces apoptosis of adipocytes (46) . Recent data indicate that the differentiation of murine embryonic fibroblasts from Akt2-null mice into adipocytes in vitro is not significantly impaired (44) , suggesting that the lipopatrophy observed in Akt2-null mice is due to either increased adipocyte apoptosis or decreased proliferation of adipocyte precursors. Notably, the abundance of Akt2 as well as its insulinstimulated activity is twofold higher than that of Akt1 in differentiated adipocytes, and Akt3 activation is barely detectable (14) . These data, along with the observation reported here that loss of Akt2 leads to lipoatrophy, suggest that Akt2 is the primary Akt isoform involved in adipocyte insulin signaling and in the regulation of adipose mass.
Furthermore, among mouse models made insulin resistant by disruption of insulin-signaling pathway genes, only Akt2-null mice, insulin receptor-null mice (39) , and mice with loss of insulin receptors specifically in fat (FIRKO mice) exhibit decreased adipose tissue. FIRKO mice maintain normal glucose homeostasis because insulin sensitivity is maintained in other tissues (47) . Mice with tissue-specific deletion of the insulin receptor in muscle (MIRKO), brain, β cells, or liver (LIRKO), expression of dominant negative insulin receptor in muscle, IRS-2-null mice, or mice with impaired insulin clearance due to expression of a dominant negative CEACAM1 in liver all exhibit increased adipose mass (43, 48) , however. Except for MIRKO mice, all are also hyperinsulinemic. Thus, the progressive lipoatrophy in Akt2-null mice despite hyperglycemia and hyperinsulinemia is a distinct feature of the Akt2-null phenotype and further supports the hypothesis that Akt2 plays a critical role in the regulation of adipocyte mass.
The Akt2-null mice described here exhibited impaired insulin-stimulated glucose uptake into skeletal muscle, similar to that described previously (25) , and elevated hepatic PEPCK gene expression, both of which would contribute to the observed hyperglycemia. The elevated level of PEPCK gene expression in 7-week-old male, Akt2-null mice, despite plasma
Figure 7
Male Akt2-null mice become severely hypoinsulinemic and hyperglycemic by 8 months of age. A group (n = 6) of 8-month-old male Akt2-null (KO) mice were hypoinsulinemic (a) and extremely hyperglycemic (b) relative to age-matched wild-type males.
Figure 8
Muscle glucose uptake is impaired in Akt2-null mice. The 2-deoxyglucose (2-DG) uptake into isolated soleus muscles from male control and Akt2-null mice was determined in the absence of insulin (basal, white bars) or in the presence of a submaximal (1 nM, gray bars) or maximal (100 nM, black bars) concentration of insulin. *P < 0.05 versus corresponding basal; **P < 0.01 versus corresponding basal; # P < 0.05 versus corresponding insulin-treated control sample.
Psammomys obesus despite a decrease in islet insulin content (53) . Furthermore, in male Akt2-null mice increased apoptosis was associated with the eventual loss of β cells, resulting in hypoinsulinemia and extreme hyperglycemia. Therefore, the β cell phenotype of Akt2-null mice described here resembles most closely that of diabetic models, such as male ZDF rats, in which islet mass fails to increase sufficiently, leading to hyperglycemia (54) , and IRS-2-null mice, which exhibit significantly reduced β cell mass and develop diabetes as a result of insulin levels that were sixfold higher than control animals (Table 2) , is consistent with a high degree of liver insulin resistance. PEPCK expression, however, was not elevated in Akt2-null mice that sustained sufficient hyperinsulinemia to maintain a near-normal glycemia ( Table 2 ), suggesting that Akt2 is not an absolute requirement for regulation of this gene. Similarly, G6Pase expression was not elevated in Akt2-null mice except in those that exhibited pancreatic β cell failure, suggesting that the increase in expression resulted from a more general decrease in insulin signaling, rather than a loss of Akt2 specifically.
The normal response of the endocrine pancreas to peripheral insulin resistance is a compensatory increase in β cell mass (49) . Mice with heterozygous insulin receptor (IR) deletion (IR +/-), double heterozygous deletion of IR and IRS-1 (IR/IRS-1 +/-), IRS-1 -/-mice, and LIRKO mice exhibit twofold to tenfold increases in β cell mass and hyperinsulinemia (40, (50) (51) (52) . Female Zucker diabetic fatty (ZDF) rats exhibit islet hypertrophy and hyperinsulinemia sufficient to compensate for their insulin resistance and do not develop diabetes (49) . Limited data from humans is consistent with that from animal models and suggest that β cell mass is increased in obese, insulin-resistant subjects (49). Thus, a major distinction between the Akt2-null phenotype described here and most insulin-resistant models, including the previously described Akt2-null mice (25) , is the failure of pancreatic islet mass to increase in response to peripheral insulin resistance. This may indicate that proliferation or neogenesis of β cell precursors is impaired in the Akt2-null mice described here. The observation that the insulin content of β cells in hyperinsulinemic male Akt2-null mice appeared lower (Figure 9b) suggests that in the absence of islet hypertrophy, β cells were compensating for the insulin resistance by secreting more insulin per cell. Similarly, hyperinsulinemia is observed in diabetic 
Figure 9
Insulin immunohistochemical analysis of β cells in male Akt2-null mice. Representative pancreatic islets from (a) a 7-week-old wild-type DBA/1lacJ mouse, (b) a 7-week-old Akt2-null mouse, and (c) a 24-week-old Akt2-null mouse displaying the hypoinsulinemic/hyperglycemic phenotype (Figure 6a ). The remaining β cells of the latter mouse were interspersed between the exocrine pancreatic cells and exhibited little to no cytoplasmic staining.
the failure of islet hyperplasia (40, 42, 55) . The β cell phenotype of IRS-2-null mice with peripheral insulin resistance is more severe than that observed in Akt2-null mice, as indicated by the greater than 90% decrease in β cell area in 4-week-old Irs1 +/-Irs2 -/-mice (55) . This suggests that in Akt2-null mice the other Akt isoforms may allow some signaling downstream of IRS-2 and partially offset the lack of Akt2 in β cells, although Akt1 and Akt3 are apparently unable to substitute for Akt2 in mediating the hypertrophy or hyperplasia that is required to compensate for peripheral insulin resistance. In contrast to our observations, β cell mass was reported to increase in mice in which the Akt2 deficiency was generated on the 129/C57BL/6 background (25) . The increased β cell mass is likely to contribute to the milder phenotype exhibited by those mice. Notably, the diabetic phenotypes of IRS-2-deficient mice (40, 42) as well as ob/ob mice (30) also vary in severity depending on the genetic background, with one background exhibiting greater β cell loss than the other. Furthermore, the line of IRS-2-null mice with the more severe islet phenotype also exhibits a 10% growth deficiency (40) . It is interesting that two aspects of the Akt2-null phenotype observed in the mice described here but not in those on the hybrid 129/C57BL/6 background, the growth deficiency and failure of β cell mass to increase, are both regulated primarily by IGF-1 receptor signaling (39, 55) . This leads one to speculate whether a difference in these genetic backgrounds may lie in genes modifying the strength of signaling through the IGF-1 receptor. Curiously, a number of reports have documented an inverse correlation between height and the incidence of type 2 diabetes, insulin resistance, or glucose intolerance in humans (56) (57) (58) (59) . Since IGF-1 receptor signaling is the primary determinant of somatic growth, these data, taken together, raise the possibility that signaling through the IGF-1 pathway is protective for diabetes and further suggest that the basis of this protective action may lie in the role of IGF-1 signaling in β cell preservation or adaptation. The pattern of transient hyperinsulinemia followed by relative hypoinsulinemia and hyperglycemia in male Akt2-null mice resembles closely that observed in diabetic models such as the ZDF rat (60), IRS-2-null mice (40) , the desert gerbil, P. obesus, on a high-energy diet (53) , and even human type 2 diabetics (61). Data suggest that increased β cell apoptosis contributes to the β cell failure observed here and in the other rodent models (53) (54) (55) 62) . The important antiapoptotic role of Akt is well documented (9) , and the data reported here suggest that Akt2 may play a uniquely important role downstream of IRS-2 in preventing apoptosis of β cells in the face of hyperglycemic stress. A recent report suggests that heterozygous deletion of an Akt substrate, the Forkhead transcription factor Foxo1, can rescue the loss of β cells in IRS-2-deficient mice (63) . Since phosphorylation of Forkhead transcription factors by Akt is part of the mechanism whereby Akt promotes cell survival (64) , the Akt2 isoform may provide the link between IRS-2 and Forkhead transcription factors in mediating survival of β cells.
In summary, the phenotype of Akt2-null mice described here provides insight into unique and shared roles of this Akt isoform. Akt2 and Akt1 participate in the regulation of body size, whereas Akt2 appears to play a primary role in glucose homeostasis through regulation of insulin action in peripheral tissues, adipose mass, and β cell growth and/or survival in response to peripheral insulin resistance.
